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Sneutrino-antisneutrino oscillation can be observed at the LHC by studying a charge asymmetry 
of the leptons in the final states. We demonstrate this in the context of an anomaly-mediated su- 
persymmetry breaking model which can give rise to a large oscillation probability. The preferred 
region of the parameter space is characterized by the presence of a sneutrino next-to-lightest super- 
symmetric particle and a stau lightest supersymmetric particle. We show that the signals studied 
here have certain correlations with the pattern of the sneutrino oscillation. 

PACS numbers: 12.60.Jv, 14.60.Pq, 14.80.Ly 



Sneutrino-antisneutrino mixing occurs in any super- 
symmetric (SUSY) model where neutrinos have nonzero 
Majorana masses. Such AL = 2 Majorana neutrino mass 
terms can induce a mass splitting (Amj) between the 
physical states. The effect of this mass splitting is to in- 
duce sneutrino-antisneutrino oscillations [l], 0] • This can 
lead to the sneutrino decaying into a final state with a 
"wrong-sign charged lepton," and the lepton number can 
be tagged in sneutrino decays by the charge of the final 
state lepton. Here, we assume that the sneutrino flavor 
oscillation is absent and lepton flavor is conserved in the 
decay of sneutrino/antisneutrino. 

As discussed in Q , the probability of finding a wrong- 
sign charged lepton in the decay of a sneutrino should be 
the time-integrated one and is given by 



crucially on Amp and Tp. ff m v ~ 0.1 eV, the radiative 
corrections to the m v induced by Amp face the bound 
Amp/m u ^ OiAir/a), implying Amp < 0.1 keV. Thus, 
in order to get xp ~ 1, one also needs the sneutrino de- 
cay width Tp to be ~ Amp. Because of the smallness 
of Tp, the sneutrino's lifetime would be large enough for 
sneutrino oscillation to take place before its decay. 

However, for a spectrum where Xi is the lightest super- 
symmetric particle (LSP), Tp would not be 5s 0(1) keV 
because of the presence of two-body decays: v — > vy 
and v — > £~x + - If 5 instead, the mass spectrum is such 
that 



m fl < mp < m^o,m^,±, 



(2) 



P(y -> 1+) = 



2(1 + 4) 



Bp*{p* ^£+X), 



(1) 



where the quantity xp is defined = Amp/Tp, and 

Bp* is the branching ratio for v* — > £ + . This signal can 
be observed from the single production of a sneutrino at 
the LHC, provided xp ~ 1 and Bp* is significant. 

In this paper, we demonstrate that a particular 
SUSY mass spectrum possible within the framework of 
an anomaly-mediated supersymmetry breaking model 
(AMSB) [4j can lead to such a signature at the LHC. 
It is evident from the above discussion that the proba- 
bility of the sneutrino-antisneutrino oscillation depends 
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where the lighter stau (fi) is the LSP, these two-body 
decay modes are forbidden and the three-body decay 
modes such as v — ► l~f^v T and v — > vt x t^ are the 
available ones. In addition, the branching fraction of 
v* — > £ + f^9 T final state gives the wrong-sign charged 
lepton signal. However, having t\ as a stable charged par- 
ticle is strongly disfavored by astrophysical grounds. This 
can be avoided, for example, if a very small i?-parity- 
violating coupling (<J 10 -8 ) induces the decay T\ — > Iv, 
which occurs outside the detector after producing a heav- 
ily ionized charged track in the detector. 

The required spectrum |(5J can be obtained in some 
region of the AMSB parameter space with Amp Ss 
0(A-Km v /a). In our analysis, we have m Vi ^ 0.3 eV 
(i = e, /x,t). In Fig. [TJ we display the region of the 
parameter space in mo — m 3 / 2 plane with sign(/x) < 
and tan/3 = 6, where the above spectrum is valid. It is 
worthwhile to mention that the three sneutrinos are al- 
most mass degenerate (y T is slightly lighter though) and 



2 




55 1 1 ' 1 ' 1 ' 1 ' 1 1 

240 260 280 300 320 340 360 380 400 420 440 
m (GeV) 



FIG. 1: Parameter space of the AMSB model with sneutrino 
NLSP and fi LSP and 2 < m^o ^± (& = e, /•*)■ 
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FIG. 2: v T oscillation probability as a function of mo. 



they are the NLSP. In this parameter space, Xi an d Xi 
are heavier than the other charged sleptons. 

In Fig. [3J we plot the v T oscillation probability as a 
function of the common scalar mass mo for three differ- 
ent choices of m 3 / 2 with sign(/i) < and tan/3 = 6 in 
the allowed parameter space. It can be seen from this 
figure that the probability of oscillation can go as high 
as 0.45, and it is this probability that we propose to mea- 
sure. Hence, the AMSB has a good potential to produce 
signals of sneutrino-antisneutrino oscillation, which can 
be tested in colliders. This has been noticed earlier; see 

Let us remark that the signatures of sneutrino oscilla- 
tion at the future e + e~ and e _ 7 linear colliders have been 
studied in Refs. 0,01 , whereas authors in Ref. @ dis- 
cussed sneutrino oscillation in the seesaw extended min- 
imal supersymmetric standard model (MSSM). In this 



work, the first production process we will consider is 

pp^>v T ff. (3) 

Since v T decaying to a three-body final state with r is 
difficult to identify due to the small branching ratio and t 
detection efficiency, we look at other channels mediated 
by virtual W~ and H~. If the v T oscillates into a v*, 
we can have a three-body final state, v T — > D* — > (Tf^vi 
leading to £~f^~f^~ signature from the process in Eq. 
([3]). Here, I = e, /z. The cross section for this process 
is given by o^ BC = <r(pp -> v T ff) x x Bs*(i>* -> 

i^f^Dg), where Pp r ^p* denotes the sneutrino oscillation 
probability. When the v T survives as a v Tl one of the pos- 
sible three-body decays of the v T is v T — > £ + f^i>i. This 
would lead to £ + f^f^ + j/t signature from the same 
process ((3j). Similar to the oscillation case, the cross 
section for this process is given by a\ Q osc — <r(pp —> 
v r ft) x Pp T ^p T x Bp(u r — > £ + f^i/ e ), where Pp T ^p T de- 
notes the sneutrino survival probability. 

As mentioned earlier, in the presence of a very small im- 
parity violating coupling, both of these staus would decay 
outside the detector after traversing the whole length of 
the detector producing heavily ionized charged track. In 
this case, the lepton number can be tagged by the charge 
of the long-lived stau. 

Let us define a charge asymmetry parameter in terms 
of the signal from sneutrino oscillation and no-oscillation: 

A ._ ^-f+f+ + y T ) - a(e + ^r+ + y T ) 

Since Bp(u T — > i + f^ve) — Bp*(v* — ► t^T^Vt), one can 
rewrite Eq. (j4|) in the following form 

^asym — — >&r ' (^) 

It is evident from Eq. §5§ that A asym = — I corre- 
sponds to no sneutrino oscillation. Hence, any devia- 
tion of A asym from -1 is the smoking gun signature of 
sneutrino oscillation. From Eq. ([5]), it is clear that 
the measurement of the asymmetry immediately tells us 
about the sneutrino-antisneutrino oscillation probability 
Pv T ^v% which is a function of the ratio xp = Amp/Tp. 
Hence, once the total sneutrino decay width is known, 
one can easily calculate the mass splitting between the 
sneutrino and the antisneutrino. This mass splitting is 
proportional to the neutrino mass, and, thus, the mea- 
surement of the asymmetry gives us the absolute value 
of the neutrino mass. This is an alternative way to the 
neutrinoless double beta decay experiments to probe the 
absolute value of the neutrino mass. Let us note that 
there is very little SM background to these signals as- 
suming that the long-lived staus produce heavily ionized 
charged tracks which can be distinguished from the muon 
tracks. This is possible, since the staus are much slower 
than the muons because of their large masses. 
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However, there are several other SUSY processes which 
can give rise to the same final state as our signal. Part of 
these processes has a sneutrino in the final state and the 
other part is without a sneutrino. These processes are 



PP 



Vitt with I = e,fx, and pp 



xixt- 



(6) 



Here, 

same signal as in Eq. ([3]), are for xi, Xi 



the relevant decay modes, which can lead to the 

and i\: 



fx 

f^v T vg, where 



£ = e or fi. Since the charged slep- 
tons are lighter than the neutralinos and the charginos, 
they decay to three bodies. If vg oscillates, it will de- 
cay to a wrong-sign charged lepton. The relevant vg 
decays are vg — > £ + f^D T (with oscillation) and vg — > 
£~f^v T (without oscillation) and correspondingly for 
v* g . The relevant decays of v r and v* have been discussed 
earlier. 

Thus, for example, pp 
give rise to the signal pp 



can 



4- p'r without Ui 
oscillation, whereas the same decay chain can also pro- 



xixt -> 



duce pp —>■ £ + f^f^ + jfo for oscillating vg. Similarly, 
pp — ► vgl\ leads to £ + t^t^ + p'r with the oscillation 
of the vg into a i>\. The same production process gives 
rise to the final state £~t^t^~ + Vt when vg does not 
oscillate, xi can a ls° decay to a tau-sneutrino and a tau- 
neutrino, leading to the final states pp — > £ + f^f^ + fa 



and pp 



fj r f^+p l T- Heavier neutralinos and chargino 



i t- p'r 

> xixt ~ 



are not considered in the production process because of 
their much smaller cross sections. 

The signal can also result from xi cascade decay with- 
out any intermediate sneutrinos. For example, pp — > 
xixt ~ * ( T ~Ti )(f 1 f v T ) can lead to £~f^fi 
where t~ decays leptonically. Similarly, pp 
(£ + £' l ){t^v t ) can produce £+f 1 ~f+ + Vt- 

All the processes discussed above can be considered as 
the SUSY backgrounds to the signals originating from 
the process ((3]). The charge asymmetry A asym must be 
considered after taking into account these backgrounds 
in order to observe the signature of v r oscillation. One 
should note that processes involving vgjv*g contribute to 
the final states £ + t^t^ +p't and £~f^f^ + p't in an op- 
posite manner compared to the signal processes. Hence, 
it is indispensable to find suitable kinematical cuts to 
remove these backgrounds so that the signatures of u T 
oscillation can be observed through the measurements of 
the lepton charge asymmetry defined in Eq. (|4|). 

Nevertheless, we observe that the distributions of two 
kinematical quantities, namely, the transverse momen- 
tum (pt) of the staus and the missing transverse mo- 
mentum (p't ) are very crucial in distinguishing these 
SUSY background processes from the signals. It turns 
out that, using suitable cuts, one can have S/yB rs 5 or 
higher even with an integrated luminosity of 30 fb _1 . 

We select the signal events with the following criteria: 
1) pip > 5 GeV, 2) \rf ,Tl | < 2.5, 3) transverse momen- 
tum of both f-f's must satisfy p^ 1 > 100 GeV, and 4) 



Process 


Cross sections in fb 




M jL i jL iP l T 


f T , p l T 




pp — > u T r^ 


1.259 


1.259 


3.095 


3.095 


pp -> vglX 


0.373 


0.373 


0.303 


0.303 


pp -+ x°xt 

(with P's) 


0.206 


0.206 


0.206 


0.206 


pp -» xixt 

(no p's) 


0.036 


0.036 


0.036 


0.036 



TABLE I: Cross sections for pp 



"f^f^ 1 " + j/t and pp 



rfr from different two-body production processes. 



Here, tan/3 = 6, p < 0, m = 270 GeV, and m 3 / 2 = 57 TeV. 



p't < 20 GeV. The last mentioned two cuts are crucial in 
clearly identifying signals from the SUSY background. 

In Table HI we listed the cross sections of final states 
described above originating from different 2 — > 2 produc- 
tion processes for a particular parameter point, namely, 
tan (3 = 6, /Lt < 0, and m Q = 270 GeV, and m 3/2 = 57 TeV. 
These numbers are obtained after applying the selection 
cuts. One can see that the SUSY background events are 
well suppressed compared to the signal events. Now, if 
we calculate the asymmetry, as defined in Eq. ([4]), from 
the numbers in the first row of Table [H the asymmetry 
comes out to be -0.42. If we solve from this for the Mr- 
oscillation probability using Eq. (J5]), we get Pp^&* = 
0.29, which can be compared with Fig. ([2]). However, as 
discussed, the SUSY background leads to the same final 
states and has to be taken into account when calculating 
the asymmetry. 

It should be kept in mind though that, in this situa- 
tion, there are two different oscillation probabilities in- 
volved. One is the tau-sneutrino oscillation probability 
and the other is the electron (muon) sneutrino oscilla- 
tion probability. Hence, by measuring the asymmetry as 
defined in Eq. (|4]), it would not be possible to measure 
these two oscillation probabilities. In any case, the mea- 
surement of the asymmetry can clearly indicate whether 
the sneutrinos are oscillating or not. For example, let 
us again look at the parameter point studied in Table |T] 
and assume that the SUSY background contamination is 
not possible to be better separated from the signal. In 
such a situation, the resultant asymmetry is -0.33 when 
the sneutrinos are oscillating and -0.68 when there is no 
sneutrino oscillation. Compared to the ideal case with 
no SUSY background, the measurable asymmetry in the 
sneutrino oscillation case changes by less than 15 %. 

In Table [ill we show the asymmetries including the 
SUSY background for three different parameter choices. 
In all of these cases, the oscillation probability is more 
than 0.15. If the parameter set is already known from the 
measurements of the SUSY spectrum, the expectation for 
the asymmetry is also known. It is seen from the table 
that, already with 30 fb -1 , one can distinguish between 
the oscillation and no-oscillation cases in these sample 
points. When tan/3 grows, the ratio between the SUSY 
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Parameter point 
tan j3, mo(GeV), 
m 3/2 (TeV) 


^asym 

osc. 
(no osc.) 


± Errors 


30 fb" 1 


100 fb" 1 


300 fb" 1 


5, 370, 81, a* < 


-0.515 
(-0.859) 


0.072 
(0.043) 


0.040 
(0.024) 


0.023 
(0.014) 


6, 270, 57, fi < 


-0.325 
(-0.676) 


0.052 
(0.041) 


0.029 
(0.022) 


0.017 
(0.013) 


7, 248, 49, fi < 


-0.149 
(-0.266) 


0.044 
(0.043) 


0.024 
(0.024) 


0.014 
(0.014) 



TABLE II: Asymmetries and the corresponding errors for dif- 
ferent parameter points. Numbers in the brackets are for the 
no-oscillation case. 
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FIG. 3: Correlation between An and ^asym for the oscillation 
and the no-oscillation cases for different parameter points. 



signal and the background reduces. Thus, this measure- 
ment, with the cuts used, is possible for small tan/3. We 
find relevant parameter sets for tan/3 = 5,6,7, which 
have been shown in Table [TTJ 

If the SUSY spectrum is not known, one can still de- 
duce in favorable cases whether there is sneutrino oscilla- 
tion or not. We demonstrate this in Fig.[3]for tan/3 = 5, 6 
and the values of too and TO3/2 for which the signal cross 
sections are large. Here, it has been required that oscil- 
lation probability is more than 0.25 and S/yJ~B <; 5. We 
plot the difference (An) between the numbers of events 
for pp — > {.~Ti~fi + j/t and pp — > £ + f^f^ + jfx for inte- 
grated luminosity 30 fb" 1 vs the asymmetry. The corre- 
sponding errors are shown at the la level. One can see 
from this correlation plot that the sneutrino oscillation 
represents bigger asymmetry and bigger An, whereas, in 
the case of no sneutrino oscillation, the value of An and 
the asymmetry should be on the smaller side. This is 
expected, since, with the cuts that we have imposed, the 
v T type of oscillation signal is stronger. When there is os- 
cillation, the splitting between two different charge final 
states is smaller, and, naturally, the asymmetry is closer 
to zero. 

It is interesting to note that one can also make the 



processes involving the v^u dominate over the process 
pp — > v r T\ by switching the missing px cut, i.e., by us- 
ing fjx > 20 GeV. In this case, the asymmetry comes 
out with an opposite sign. By looking at the sign of 
the asymmetry parameter and with appropriate missing 
Pt cut, one can conclude whether the processes involve 
predominantly v T or v^i^. This is another remarkable 
feature of this study. However, in this case, one gets, 
in general, a smaller asymmetry because of larger total 
cross section (which makes the errors smaller though). 
For tan/3 = 5,6, the v e /^ oscillation probability is close 
to 0.5. Hence, one would expect close to zero asymmetry 
for such a parameter point. If there is no oscillation, then 
the asymmetry is larger, but it never goes to +1 because 
of the contributions from X1X1 production. 

It is important that, in this study, we have assumed 
that the staus decay outside the detector. It is also pos- 
sible that the i?-parity violating coupling is larger and the 
staus decay inside the detector after traversing a certain 
length or they decay promptly. Obviously, the signals 
discussed here will be changed in those situations, and 
the analysis to find out the asymmetry will also be dif- 
ferent. A detailed discussion on these issues is beyond 
the scope of this paper, and we hope to come back to 
these in a future work [7J along with some more details 
of the present study. One could also look at the produc- 
tion process pp — > C>*f^. However, the cross section is 
smaller than in Eq. ((3]) 0]. 

In conclusion, we have demonstrated that a suitably 
defined lepton charge asymmetry may provide us infor- 
mation about sneutrino oscillation at the LHC. This sce- 
nario can be realized in an AMSB model with Majorana 
neutrino masses. Although distinguishing between sneu- 
trino oscillation and no-oscillation is much easier when 
the SUSY spectrum is known, we have shown that it 
is also possible to find out the oscillating sneutrino even 
without the knowledge of the spectrum by looking at sim- 
ple correlations. One can also provide information about 
the absolute neutrino mass scale from this study when 
the SUSY spectrum is known. 

We are grateful to D. Choudhury, R. Kinnunen, and 
S.K. Rai for helpful discussions. This work is supported 
in part by the Academy of Finland (Project No. 115032). 
DKG and SR acknowledge the hospitality provided by 
the Helsinki Institute of Physics. TH thanks the Vaisala, 
Foundation for support. 



* Electronic address: dghosh@prl.res.in 

* Electronic address: Tuomas.Honkavaara@hclsinki.fi 

* Electronic address: Katri.Huitu@hclsinki.fi 
' Electronic address: tpsr@iacs.res.in 

[1] M. Hirsch, H.V. Klapdor-Kleingrothaus, and S.G. Ko- 
valenko, Phys. Lett. B398, 311 (1997). 



5 



[2] Y. Grossman and H.E. Haber, Phys. Rev. Lett. 78, 3438 
(1997). 

[3] T. Honkavaara, K. Huitu, and S. Roy, Phys. Rev. D 73, 
055011 (2006). 

[4] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, 
JHEP 9812 (1998) 027 [arXiv:hep-ph/9810442j ; L. Ran- 
dall and R. Sundrum , Nucl. Phys. B 557, 79 (1999) 
[arXiv:hep-th/9810155| . 

[5] K. Choi, K. Hwang, and W.Y. Song, Phys. Rev. Lett. 88, 



141801 (2002). 

[6] A. Dedes, H.E. Haber, and J. Rosiek, JHEP 0711, 059 
(2007). 

[7] D.K. Ghosh, T. Honkavaara, K. Huitu, and S. Roy (work 
in progress). 

[8] W. Beenakker et al., Phys. Rev. Lett. 83, 3780 (1999), (E) 
ibid, 100, 029901 (2008). 



